Abstract This paper describes the role of He ion implantation on the friction, wear, electrical contact resistance (ECR), and near surface microstructure of Au films. The films were deposited by e-beam evaporation and implanted with He under two different conditions. Electrical contact resistance and friction data were collected simultaneously, while sliding a Au-Cu alloy pin on He ion implanted Au films. Results showed that friction coefficients were reduced from *1.5 to *0.5 and specific wear rates from *4 9 10 -3 to *1 910 -4 mm 3 /N m (both versus un-implanted samples) without a significant change in sliding ECR (*16 mX) as a result of He ion beam implantation. Subsurface microstructural changes due to tribological stress and the passing of current were analyzed using site-specific cross-sectional TEM. The implantation of He by itself did not induce changes to the grain size or crystallographic texture of e-beam Au. However, frictional contact during ECR testing of low energy He implanted films resulted in the formation of stable equiaxed nanocrystalline grains and the growth and redistribution of cavities beneath the wear surface. Plastic deformation as evidenced by transfer of Au to the pin during frictional contact was significantly reduced as a result of implantation. This was hypothesized to be a result of Orowan-like hardening due to He implantation.
Introduction
Materials used in sliding electrical contacts require low and stable electrical contact resistance (ECR), as well as acceptable friction and wear performance. Gold is well suited for electrical contacts due to its low electrical resistivity and excellent corrosion and oxidation resistance. It has found widespread industrial use due to the ease of deposition by electroplating [1] . Despite these advantages, the low yield strength of pure Au often results in poor tribological performance. In unlubricated sliding, Au on Au contacts tend to exhibit unacceptable amounts of adhesive wear with friction coefficients exceeding 1.0 as a result of a high real to apparent contact area ratio [2, 3] , although the increase in real contact area minimizes ECR of the system [4] .
The most common approach for improving the friction and wear performance of Au films is to increase the hardness. There are several methods of achieving this in pure Au, e.g., reducing the grain size [5, 6] , alloying with minute quantities of elements that form solid solution [5, [7] [8] [9] , and oxide dispersion strengthening [9] [10] [11] [12] [13] . The dominant mechanism for the increased hardness has been attributed to the Hall-Petch strengthening mechanism achieved by the reduction of grain size with additional contributions arising from precipitation hardening [5, 11, 13] . However, alloying with minute quantities of Ni and Co in electroplated Au, known as hard Au, can lead to diffusion of these alloying elements to the surface during longterm aging resulting in oxide formation and increased ECR [14] [15] [16] . Furthermore, oxide dispersion strengthening increases the bulk electrical resistivity that adversely affects ECR. The objective of the current study is to explore alternative strengthening mechanisms, such as ionbeam modification (IBM), for achieving the desired balance between ECR, friction, and wear.
IBM is a well-established technique for tailoring the mechanical and electrical properties of materials as a result of the unique non-equilibrium microstructures [17, 18] . Dearnaley [19] categorizes the effects of IBM on tribological properties of metal surfaces into ion implantation of selected additive species, ion beam mixing of thin deposited coatings, and ion-beam-assisted deposition of thicker overlay coatings. The majority of studies on the use of IBM to improve tribological performance of metals have focused on Fe and Ti alloys implanted with metallic and other ion species, such as N, that can form precipitates or react chemically with host species to form new phases [20] [21] [22] [23] . In the case of ductile metals, IBM can significantly increase the hardness and strength but at the expense of ductility [24] [25] [26] . In the current study, we have investigated the use of noble gas, single energy ion implantation into pure Au films prepared by e-beam evaporation to improve tribological performance and ECR. Frictioninduced microstructural evolution in the subsurfaces of ion implanted regions was investigated by transmission electron microscopy.
Materials and methods
Pure Au films were deposited by e-beam evaporation of high purity Au pellets (99.999 % pure, Materion Advanced Chemicals) onto Si substrates using a 10 kV Thermionics Vacuum Products Co. Triad system. The Si wafers of approximately 10 mm 2 were first sputtered with Ti and then Pt adhesion layers of nominally 0.5 lm thickness each. The e-beam evaporation was conducted at room temperature with a source-to-substrate distance of 305 mm. The rate of deposition was controlled using feedback from a quartz crystal microbalance to produce nominally 1.8 lm thick Au films. The vacuum system was pumped to a base pressure of 1 9 10 -6 Torr before deposition. The films were then implanted with a 3 He ? ion beam generated by either a 350 kV High Voltage Engineering Europa (HVEE) or 3 MV Pelletron implanter. The ion beam was rastered over a 10 mm 2 area to yield a laterally homogeneous distribution of implanted He. Implantations were conducted under a base pressure of 1 9 10 -7 Torr and at nominally room temperature. Two implantation conditions were used for the present study with individual energies (E) of 22.5 keV to a dose (/) of 1 9 10 12 cm -2 and 1.2 MeV to a dose of 1 9 10 16 cm -2 , henceforth referred to as low energy and high energy conditions, respectively. These implantation energies were chosen based on Stopping and Range of Ions in Matter (SRIM) [27] modeling to yield an implantation distribution of He in the film at the near surface with an end of range of 48 nm for the low energy condition and an end of range of 1.8 lm near the Au-Pt interface for the high energy condition. Both implanted and un-implanted Au films were cleaned with O 2 :Ar-25:75 source plasma for a minimum of 10 min to remove surface carbonaceous species before sliding ECR wear experiments.
Tribological evaluations of the films were made using a multifunction ECR tribometer equipped with an Agilent Technologies B2911A digital source/meter, shown schematically in Fig. 1 . Tests were conducted in unidirectional linear reciprocating motion using a hemi-spherically tipped probe. The starting material for probes was Neyoro G (a hard gold, nominally 72Au-14Cu-8Pt-5Ag by weight from Deringer-Ney Inc.) The wires were first annealed to a hardness of approximately 1.96 GPa and were turned on a lathe to produce a hemispherical tip with a 1.59 ± 0.05 mm radius of curvature. The ends were subsequently hand lapped to a center line average roughness (R a ) of 100 nm to produce the probe tips. Sliding the pin at a canted angle of 20°as shown in Fig. 1 allowed multiple tests to be conducted with one single pin by rotating its end after each test. Unidirectional dry sliding tests were conducted for 100 cycles at room temperature in lab air (15-30 % RH). The track length was 2 mm and the test was repeated at two locations on each film. A normal force of 100 mN and a linear speed of 1 mm-s -1 were used for each measurement. Continuous ECR measurements were made with the source/meter in voltage-regulated remotesensing mode by measuring the voltage drop and current using a four-point probe bridged across the film surface and the pin. Prior to sliding for each experiment, a static normal force of 100 mN was applied and a voltage set to produce approximately 100 mA of direct current through the ECR circuit. Normal force, friction force, wear track position, ECR circuit current, and voltage drop across the contact were recorded at a rate of 50 Hz.
Topographical features of unworn and worn surfaces after sliding of the Au films and pins were measured using a scanning white light interferometer (SWLI, Veeco NT1100) with a 509 objective lens. Wear volumes on the films and transfer film build up on the pins were calculated from the SWLI maps using the Bruker Vision64 version 5.41 software. Wear volumes of the tracks generated on the films were measured as volume displaced below a reference plane fitted outside the wear track and used to calculate the specific wear rate, k (mm reference plane after spherical fitting of the hemispherical pin tip geometry.
Electron transparent cross-sections of unworn and worn films were prepared with a FEI Company Helios dual-beam SEM and focused ion beam (FIB) system with a final polishing step using 2 keV Ga ? ion milling. As part of the FIB preparation process, the film surfaces were first sputtered with approximately 50 nm of C then locally coated with electron beam deposited Pt in the microscope. The thin film of C was first deposited to separate the Au film surface from the FIB-Pt which was locally deposited to protect the surface from direct Ga ? ion damage during polishing. The worn cross-section samples were taken from the center of the wear track corresponding to the point of maximum Hertzian contact stress and parallel to the direction of relative sliding. Bright field transmission electron microscopy (BF TEM) micrographs were collected using a Philips CM30 TEM operated at 300 kV. Scanning transmission electron microscopy (STEM) highangle annular dark field (HAADF) images were taken using a FEI Company Titan G2 80-200 operated at 200 kV and equipped with a high-brightness Schottky field-emission electron source and spherical aberration corrector on the probe-forming optics.
Electrical resistivity values of the films were characterized using a four-point probe technique to measure the combined sheet resistance of the Au film and the Pt and Ti adhesion layers using a Keithley 2400 source/m. Two sheet resistance values were recorded in unique probe positions at the specimen corners and used to calculate the combined sheet resistance in accordance with the van der Pauw method [28] . With the un-implanted Au, Pt, and Ti layers treated as resistors in parallel giving rise to the combined sheet resistance, the Au film resistivity could then be approximated as,
, where q is material resistivity, t is layer thickness, and R s is the measured combined sheet resistance. Layer thicknesses of the adhesion layers were measured from STEM HAADF cross-section micrographs tilted along the interface direction of unworn films and were found to have average thicknesses of t Pt = 628 nm, and t Ti = 462 nm. Layer thickness of the gold was taken from QCM measurements with an average of t Au = 1814 nm. The resistivity values of the adhesion layers used for the calculation were q Pt = 10.6 lX-cm and q Ti = 55.4 lX-cm.
Experimental results
Microstructures of un-implanted and He ion implanted films prior to ECR tribology testing are shown in Fig. 2 . The BF TEM image of a cross-section of the un-implanted film ( Fig. 2a ) revealed segmented columnar grains with an average grain diameter on the order of 200-300 nm. Selected area diffraction patterns (not shown) confirmed a predominantly \111[ out of plane texture which is typical for evaporated FCC metallic films grown near room temperature [29] . The microstructures of low energy and high energy implanted films taken from FIB cross-sections are shown in Figs. 2b,c, respectively. Both low and high energy He ion implanted films retained the columnar grain structure, as well as the \111[ out of plane texture. This indicates that the single-energy implantations of He ions did not induce significant heating to initiate annealing, grain growth, and recrystallization of the Au in either implantation condition. Also Fresnel fringes in the BF image plane were not observed in under focus of the microscope objective lens indicating He bubbles were not present in these images.
The evolution of the friction coefficient during sliding ECR experiments as a function of sliding cycles is shown in Fig. 3a for un-implanted, low energy, and high energy He ion implanted films. Due to the high acquisition rate and a sliding speed of 1 mm-s -1 , large data sets were acquired per cycle. For this reason, the friction coefficient per cycle has been plotted as the mean value denoted by a solid line with the corresponding shaded regions representing one standard deviation (r) of the data per cycle. The un-implanted Au film exhibited a run in period over approximately 20 cycles of rapidly increasing friction coefficient before reaching a steady-state value of [3] . In contrast to the un-implanted Au, the high energy He implanted film exhibited a run in period over the first 20 cycles before stabilizing at a significantly lower steadystate value of 0.5. Conversely, the low energy He implanted film showed no run in friction behavior and a steady-state friction coefficient value of approximately 0.45 throughout the 100 sliding cycles. It is apparent that both low and high energy He implanted films had a significant reduction in average friction coefficient with a reduction in variance in comparison to the un-implanted film.
Sliding ECR values as a function of test cycles are shown in Fig. 3b , with the mean value plotted as a solid line and shaded regions representing ±1r per cycle. The un-implanted film exhibited decreasing ECR during the first 20 cycles reaching a steady-state value of approximately 17 mX. It is interesting to note that this corresponds to the increase in friction during the same run in period (Fig. 3a) . The low energy and high energy He implanted films also exhibited a similar run in trend in ECR before reaching a steady-state values of approximately 17 mX. However, the fluctuations in ECR at any given cycle past run in are the least for the high energy implanted film. The average sliding ECR values are summarized in Table 1 . The values off the plotted scale in the first five cycles for the high energy implanted film are due to data loss, which is likely caused by electrical contact separation. The film resistivity values from four-point probe measurements prior to sliding ECR experiments are reported in Table 1 . Both He implanted films showed a slight increase in resistivity in comparison to the un-implanted film. This increase in resistivity was not observed to influence the sliding ECR values significantly, as can be seen in Table 1 .
Topographical maps of wear surfaces on the films constructed from SWLI scans are shown in Fig. 4 . The unimplanted film showed the highest degree of wear with depths reaching 1.5 lm into the film resulting in approximately 300 nm of unworn film (Fig. 4a) . Large positively displaced volumes (regions in red) are observed near the center of the wear track in Fig. 4a . This is indicative of an adhesive transfer of material from the pin to the film surface or plowed or displaced material from adjacent areas. In contrast, the low energy He implanted film showed significantly shallower wear depth (approximately 0.15 lm) and wear track width with minimal accumulation of debris at the end of the wear track. The worn area is also considerably smoother with no evidence of adhesive pullout of material or transfer of material from the pin. The high energy He implanted wear track exhibited surface striations indicative of some micro-abrasive wear, but also showed significant reductions in maximum wear depth (approximately 0.5 lm) compared to the un-implanted film. The specific wear rates calculated from the volume of the wear track for each case are reported in Table 1 . It can be noted that the specific wear rates of the low energy, and high energy implanted films were 33 and 4.3 times less than that of the un-implanted film, respectively. Further insight into the wear behavior can be achieved by evaluating the material accumulated on the wear pin.
Topographical 3-D reconstruction of the Neyoro G alloy pin surfaces after sliding against (a) un-implanted, (b) low energy, and (c) high energy He implanted Au films is shown in Fig. 5 . The qualitative extent of material transferred to the pins, shown in Fig. 5 , can be compared to transfer film volumes reported in Table 1 . The worn pin surface sliding against the un-implanted film clearly shows a large volume of adhesive transfer from the film to pin (8239 lm 3 ). This is in agreement with the rough wear surface and adhesive pullout shown in Fig. 4a . The worn pin surface for the low energy He implanted film, however, shows no adhesive transfer, but a slightly worn flat contact point that is in agreement with the measured -14 lm 3 transfer film volume. In addition, the lack of adhesive transfer film is in agreement with the reduced wear and smooth surface observed in the wear track in Fig. 4b . The worn pin in Fig. 5c reveals a significant reduction in adhesive transfer film (263 lm 3 ) compared to the unimplanted film, albeit some adhesive transfer occurred that was not present in the low energy implanted film. In addition, the worn pin exhibits surface scratches and debris pile up matching the micro-abrasion morphology of the high energy implanted film wear track in Fig. 4c . It is evident from the pin surfaces and mating wear tracks that 
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Negative values of transfer film volume correspond to net volume loss of the pin wear mechanisms are different for the He implanted films in comparison to the large adhesive transfer onto the pin surface in sliding contact with the un-implanted film. Despite these differences in wear for the implanted films, the sliding friction coefficient and ECR values are approximately the same. To evaluate subsurface microstructural evolution due to tribological stresses, cross-sectional TEM samples were taken from the center of the wear track. Film structures after 100 sliding cycles of wear are shown in the STEM and TEM images in Fig. 6 . Images of the un-implanted film in Fig. 6a (HAADF STEM) and Fig. 6b (Bright field TEM, BF-TEM) were acquired from cross-sectional samples taken from a point of maximum wear depth in the track to avoid analyzing retransferred material from the pin, as previously shown as volume pile up in Fig. 4a . The remaining worn film exhibited significant grain refinement and dislocation density compared to the unworn cross-section in Fig. 2a due to subsurface tribological stresses extending through the thickness of the Au layer to the Au-Pt interface shown in Fig. 6a . Grain refinement was most significant in the 100 nm nearest to the surface with grain sizes on the order of 10-50 nm visible in the BF-TEM image shown in Fig. 6b . The remainder of the film to the Au-Pt interface consisted of grains on the order of 50-200 nm. Deeper into the subsurface and down to the Pt layer, it is evident the Au columnar grains, that were vertical during growth, are now bending along the sliding direction, i.e., right to left. Images of the worn low energy He ion implanted film are shown in Fig. 6c (HAADF STEM) and d (BF-TEM). Grain refinement due to sliding stresses on the low energy implanted film resulted in a more equiaxed grain structure, compared to the unworn columnar grain structure in Fig. 2b , extending through the Au layer. The grain sizes are on the order of 200-500 nm in the upper half of the film, while there are slightly decreasing equiaxed grain sizes extending to the Au-Pt interface. Higher magnification BF-TEM of the low energy implanted film shown in Fig. 6d revealed similar nanocrystalline grain sizes as in the unimplanted film in the top 100 nm of the surface. In contrast, the high energy implanted worn film (Fig. 6e HAADF STEM) retained a predominantly columnar grain structure similar to the unworn film shown in Fig. 2c . The near surface of the worn high energy implanted film shown in Fig. 6f (BF-TEM) revealed a high density of dislocation tangles/ networks in the top 200 nm, but little evidence of a nanocrystalline layer that was observed in the un-implanted and low energy implanted films.
Higher magnification near surface regions of the unworn and worn low energy implanted film is shown in the HA-ADF STEM images in Fig. 7a, b , respectively. Lower projected atomic number regions of the Au film in the HAADF STEM images result in a lower intensity and appear as darker regions. These low density structures may be He bubbles or voids and will be called cavities subsequently. The near surface of the low energy He implanted unworn film showing two columnar grains in Fig. 7a revealed a bimodal distribution of spherical cavities (regions of lower intensity) with diameters of approximately 2-5 nm in the top 10 nm along with approximately 1 nm diameter features extending to a depth of 100 nm. The depth of highest density is in good agreement with previously mentioned SRIM predictions. The worn low energy He implanted film shown in Fig. 7b reveals a noticeable increase in the areal density and diameter of the cavities in the region of highest grain refinement corresponding to the BF TEM image in Fig. 6d . resulted in no observable change to the Au microstructure due to grain growth, as evidenced by the consistent unimplanted and implanted columnar grain sizes in Fig. 2 . The lack of grain growth and recrystallization due to the implantation conditions suggests that the films did not experience significant heating during annealing. Therefore, these ion implantation conditions can be used to retain the original film grain structures. A classical Hertzian contact stress calculation for a 1.59 mm radius tip curvature under a 100 mN force, assuming a 0.44 Poisson ratio for both materials and elastic moduli of 110 GPa for the Neyoro G alloy and 79 GPa for pure Au, yielded an initial maximum Hertzian contact stress of 292 MPa. This value is slightly greater than the yield strength of approximately 236 MPa for similar grain size Au films [30] . These static calculations of stress predict that subsurface plastic deformation should be present throughout the film thickness of the un-implanted Au. However, these are conservative values when compared to sliding ECR measurements where there will be an increase in shear stress near the interface. Examination of the film cross-sections taken from the center of the wear track (Fig. 6) revealed significant grain refinement in the unimplanted film compared to a much lesser extent for the low energy He implanted film, and little evidence of any grain refinement for the high energy implanted film. This reduction in grain refinement corresponds to a reduction in the overall plastic strain accumulation in the Au during sliding wear and can be thought of as stored work. Classical studies on metallic sliding friction by Rigney & Hirth [31] revealed that the friction coefficient can be related to the amount of energy lost as heat and stored in the plastically deformed regions of the softer metal during sliding. This is likely a contributing factor in the observed reduction of friction coefficient from 1.5 to approximately 0.5 for the un-implanted and He implanted films, respectively. This suggests an increase in hardness and yield strength due to He implantation. Therefore, the above initial Hertzian contact stress is now likely below the yield strength of the hardened implanted Au films, minimizing the subsurface volume of plastic deformation and accumulated plastic strain due to sliding wear. Another contributing factor to the reduction of the observed friction and adhesive wear is likely due to a residual compressive stress induced by He implantation, which can alter the sliding contact tensile stress to reduce friction and mitigate surface failure [32] . The integrated lateral stress due to He implantation into Au has been found to increase proportionally with dose in the range of fluences used in this study, / = 1 9 10 12 and 1 9 10 16 cm -2 , [33] , as well as low energy He implanted into Al [34] .
Investigations of changes in mechanical properties of other FCC metals subjected to high-dose multiple energy He implantation at room temperature have been conducted by Knapp et al. for Ni [24] and by Li et al. for Cu [35] . For He implantation into Ni, it was reported that yield strength increased as (at% He concentration) 1/3 [24] , while both studies found significant increase in indentation hardness. The proposed mechanism of observed increase in hardness and yield strength is an Orowan strengthening-based mechanism [36] , by pinning of glissile dislocations that encounter a void or He bubble by (1) reduction of dislocation core energy annihilated by passing into the cavity, Fig. 5 Scanning white light interferometry 3-D topographical reconstruction of Neyoro G alloy pin surfaces after 100 sliding cycles at applied load of 100 mN against a un-implanted Au, b low energy, and c high energy He implanted films. All units are in lm (2) reduction in strain energy, and (3) energy increase from step formation should a dislocation pass through a cavity [24] . It should be noted that these studies utilized multiple implantation energies and doses to yield a nearly uniform distribution and concentration of at least 1 at% He throughout the metal, whereas the current study used single energy implantations resulting in a skewed Gaussian distribution with a maximum of 0.00016 and 0.44 at% He for the low energy and high energy conditions, respectively. Despite the low atomic percentage, it is hypothesized that an Orowan-based mechanism is responsible for the observed reduction in grain refinement and resistance to plastic deformation resulting in improved friction and wear behavior based on the observation that initial grain structures of the films were unaffected by He implantation (Fig. 2) . This mechanism of dislocation pinning by the cavities and resultant volume increases by intersecting dislocation steps could be an attributing factor to the observed increase in diameter of the spherical cavities after wear for the low energy implanted film revealed by STEM HAADF imaging (Fig. 7) . The use of aberration corrected STEM HAADF imaging has been reported to resolve He implantation-induced cavities of approximately 0.8 nm diameter [37] that were not observable by TEM Fresnel fringe contrast. Although the Orowan-based mechanisms is thought to be the most likely operating system, Zener pinning of the grain boundaries [38] and Cottrell atmosphere effects of interstitial He on dislocations [39] , were not ruled out in this study.
Worn surfaces of the films and Neyoro G alloy pins examined by SWLI revealed varying wear mechanisms between the un-implanted and implanted conditions. The un-implanted film exhibited the highest wear depth and wear rate due to large amounts of adhesive transfer to the pin ( Fig. 5a and Table 1 ) and debris pile up in the wear track (Fig. 4a) indicative of adhesive tribofilm transfer and plowing of the soft Au. This adhesive wear mechanism is typical when sliding on soft, untreated metals where the tribofilm is detached from the softer solid and adhered to the harder solid [40] . The corresponding wear subsurfaces in Fig. 6a, b show gross plastic deformation in the form of columnar grains that bend along the sliding direction midway through the film thickness and near surface grain refinement. In contrast, the wear morphology of the low energy implanted film was characterized by a smooth, near featureless wear track that showed no gross adhesive pullout (Fig. 4b) and a reduced wear depth and track width, while the mating Neyoro G pin (Fig. 5b) showed a very small wear flat suggesting much finer scale wear, likely abrasion. This fine scale wear of the Neyoro G pin is supported by the observed reduction in thickness of the near surface grain refined layer in Fig. 6c, d , which corresponds to the likely increase in surface hardness due to He implantation that will reduce the real area of contact and thus the frequency of asperity junction growth and adhesion. The wear-induced reduction in grain size observed in the near surface (Fig. 6d) coincides with the distribution and depth of cavities shown in the HAADF STEM image (Fig. 7b) , and may be aiding in the stabilization of this nanocrystalline layer resulting in low wear. Conversely, the high energy implanted film was characterized by an increasing amount of abrasive wear, as evident by striations on the film surface ( Fig. 4c) with mating micro-abrasive grooves on the tribofilm transferred to the Neyoro G pin (Fig. 5c) . The corresponding wear subsurfaces in Fig. 6e , f show that there is no grain refined surface layer, i.e., the columnar grains show dislocation tangles/networks without grain refinement. This suggests a further increase in surface hardness and yield strength with higher energy implantation leading to micro-abrasive wear that is typical of sliding on hardened metals [40] . With the absence of the nanocrystalline grain refined surface layer in the high energy implanted Au film, sliding on its retained coarser columnar grains results in a higher wear rate of an order of magnitude higher than the low energy implanted Au film. This is likely because larger abrasive wear debris is generated on the wear surfaces from columnar grain pullout. Furthermore, these differences in wear mechanisms between the low and high energy implanted films are not due to sliding friction, both friction coefficients stable at approximately 0.5 (with corresponding sliding ECR of *16 mX for both), but instead due to increased film hardness and yield strength that generate different wearinduced subsurfaces. This surface hardening with both implantation conditions inhibits large-scale adhesive wear that occurred in the un-implanted Au film. Also, the increased yield strength due to implantation will decrease the plasticity index of the asperities of the film in contact and decrease the chance of plastic shear formation of adhesive transfer to the pin. This mechanism is thought to be the main contributor to the observed reduction in wear for the low energy condition film with a SRIM predicted end of He range of 48 nm. The shallow He distribution in the low energy condition film localizes the change in mechanical properties to the near surface where it will predominantly alter the asperity to asperity interactions during sliding wear. Conversely the through film thickness distribution of He in the high energy film will alter the mechanical behavior of the Au throughout the film thickness and act to reduce the apparent area of contact and minimize plastic deformation throughout the film.
Summary and conclusions
High purity Au films were deposited by electron beam evaporation onto Si substrates sputtered with Ti and Pt adhesion layers. Au films were then implanted with He ions accelerated at energies of 22.5 keV to a fluence of 1 9 10 12 cm -2 and 1.2 MeV to fluence of 1 9 10 16 cm -2 to reach a SRIM modeled end of range of 48 nm and 1.8 lm, respectively. Bright Field TEM cross-sections of unimplanted and He implanted films revealed that no significant microstructural changes were induced by the ion beam modification. Film resistivity values of the Au layer revealed a maximum increase in resistivity from the un-implanted case (2.62 lX-cm) to the low energy implantation condition (3.11 lX-cm) likely due to defects introduced by implantation. Steady-state friction coefficient values decreased from 1.5 for the un-implanted Au to approximately 0.5 with decreased variance for both He implantation conditions. Average sliding ECR values of both He implantation conditions were within error of the un-implanted Au film with a value of 17.0 mX. Wear morphologies, rates, and transfer film volumes to the counterface pin analyzed by SWLI revealed a transition from high adhesive wear of the unimplanted Au to a predominantly micro-abrasive wear mechanism for the He implanted films with a 33-and 4.3-fold reduction of wear rates for the low energy and high energy implantation conditions, respectively. Worn film cross-sections showed significant reductions in plastic deformation in the low energy implanted film except for a nanocrystalline layer in the top 100 nm that coincided with an increase in implantation/wear-induced cavities from approximately 1 up to 10 nm. The high energy implanted film experienced the least amount of grain refinement post wear and lacked a nanocrystalline surface layer that likely resulted in the higher wear rate due to coarser columnar grain pullout, i.e., larger wear debris. The observed changes in wear mechanisms, subsurfaces, and reductions in through film grain refinement due to tribological stresses of the He implanted films are suggested to be primarily due to an Orowan-based strengthening mechanism and increased hardness of the implanted He cavities that has been reported for other FCC metals. This increase in hardness and reduction in friction and wear is atypical of traditional Au electrical contact strengthening mechanisms, such as solute incorporation and oxide dispersion strengthening that increase hardness primarily through grain size reduction and a resultant Hall-Petch strengthening. Due to the inert nature of He, there is no chemical driving force for it to diffuse to the surface and form oxides as observed for Ni-and Co-hardened Au. Therefore, the strengthening effect of He implanted structures into Au is not expected to deteriorate due to low temperature aging. However, the thermally stability of He implanted structures has not been studied by the authors and is the subject of future work. Thus relatively low energy, ultralow fluences of He ion implantation have had major benefits on the tribological performance of Au electrical sliding contact coatings without adversely affecting the electrical resistivity and could prove a valuable manufacturing process of noble metals used in electrical contacts.
